Whole-body radioactivity (0.8 Mev-00 ) was measured at 3 hr and at 7 days after the oral dose of radioiron 59 to determine the percent of the tracer absorbed by rats. Standards were prepared for each experiment by measuring an identical test dose of iron 59 into a 250-ml water-filled plastic bottle The animals, restrained in vented quart ice cream cartons, were counted for 100 set, as was the appropriate reference standard. Net counts were calculated by subtracting background radioactivity.
The ratio of net animal counts 3 hr after the test dose to those of the reference standard were used as the 100 % value. Similar ratios at 7 days were compared to the reference value to determine the quantity of radionuclide retained by each animal. The percent retained is equivalent to the quantity absorbed from test doses (11).
Certain rats were killed at intervals after intragastric doses of iron 59 (0.25 mg) or intravenous injection of plasma labeled with radioiron.
The abdomen was opened through a ventral incision and the intestinal tract was excised, unopened.
The proximal quarter of the small intestine was isolated, opened lengthwise, and washed in five changes of iron-free water (pH 8.0). The gel was swollen in isotonic saline solution (pH 7.4) for 24 hr before it was used to pack 10 x 0.5-cm columns. Each column was prepared and eluted with duodenal aspirates from undosed starved or normal rats. The void volume of each column was measured with fluoroscein-tagged macroglobulin.
The quantity of radioiron recovered in the first displacement volume was used to estimate the amount of iron in duodenal filtrates with a molecular weight greater than 700 (G-10) or 4,000 (G-25). The radioactivity in eluates and that retained by the Millipore filter and the gel filtration media was measured with a whole-body liquid-scintillation detector in water-filled 250-ml plastic bottles. Blood for serum iron measurements and determinations of the total iron-binding capacity was obtained from the retro-orbital venous plexus of rats with heparinized capillary tubes. The serum iron and unsaturated ironbinding capacity were determined by the 'Cone-tube method"
(3 1). Plasma clearance studies were performed following the intravenous injection of iron 59-labeled rat serum. The ferrous 59 citrate was incubated with pooled rat serum for 15 min at 37 C before injection of 0.25 ml into the dorsal vein of the penis. The iron-binding capacity of the incubated serum was not exceeded. At 10, 20, 30, and 40 min following the injection, 0.02 ml whole blood was obtained from the tail vein of the rat with a hemoglobin pipette. The blood was diluted into 2 ml water and the radioactivity in each specimen was measured in a welltype crystal-scintillation detector (Packard auto gamma spectrometer, model 41 OA). The plasma iron clearance (Ti) was determined from the best-fitted plot of these points on semilogarithmic graph paper. Values in the tables are reported as the means & standard errors for 9 or 10 rats.
RESULTS
Starvation of normal iron-replete animals ( Table I ). The effects of starvation on iron metabolism were studied in rats at intervals after food was removed from the animal cages. Observations in l-day-fasted animals were considered base line. Iron absorption became significantly decreased after 3 days of starvation and was markedly diminished after a more prolonged fast. Prior to the decrease in iron absorption, starved rats showed: I) loss of body weight; 2) an increased packed cellular volume; 3) decreased incorporation of iron into circulating erythrocytes; and 4) increased incorporation of an intravenous dose of radioiron into the small intestine and liver (day 2). Coincident with significant decreases in iron absorption, there was alteration of the serum iron concentration and transport through the plasma. The total iron-binding capacity became significantly decreased on the 4th day of starvation.
Increases in the concentration of iron in the liver were caused by loss of weight from this organ. There was no increase in either the iron content or concentration of small intestinal specimens during the 5 days of starvation.
Incorporation of 5gFe into body organs ( labeled with 5gFe was injected intravenously into normal animals and rats starved for 5 days. Various organs were excised 24 hr later for measurement of radioactivity. Starved animals had significantly more radioiron in the small intestine, liver, bone marrow, and kidneys and less in red blood cells and the spleen. The increased incorporation of 5gFe into organs of starved animals was probably caused by decreased erythropoiesis and diminished incorporation of iron into red blood cells (18). Ery hernia and dehydration ( Table 3 ). The elevated hematocrit and unchanged red blood cell volume in starved animals indicated that there was a decreased plasma volume (9). This relative erythremia was probably caused by dehydration because our starved rats ingested less than half the volume of water consumed by normal animals. To determine if relative erythremia or dehydration affected iron absorption, water was removed from the animal cages and rats were hydrated by hypodermoclysis of 10 ml 5 % dextrose at 6-hr intervals for 5 days. Half the animals were starved and the remainder were fed dried rat biscuits. The hematocrit remained normal in the parenterally hydrated starved animals but iron absorption and the red blood cell incorporation of 5 gFe was markedly depressed. Recovery from starvation ( Table 4 , Fig. I ). Rats were starved for 5 days at intervals before the administration of oral test doses of 5gFe and intravenous doses of plasma labeled with 55Fe. The animals were weighed daily and the mean weight of each group of 10 rats is illustrated in Fig. 1 . Changes in iron absorption coincided with the occurrence of an increased packed cellular volume and decreased red blood cell incorporation of radioiron. Iron absorption became normal in rats which had 6 days to recover from the 5-day fast; this coincided with the period required for animals to regain their prefasted weight.
Starvation in various states of iron repletion and hemolysis (Table 5, Fig. 2 ). N ormal, iron-replete rats had a fourfold decrease in iron absorption after 5 days of starvation (4.7 vs. 19.9 %). Iron-deficient and acetylphenylhydrazine-treated rats absorbed more iron than normal ani- I  I  I  I  I  I  I  ,,, Physical measurements of intraluminal iron ( Table 8) . Rats fasted 1 day or starved 5 days were killed 1 hr after an oral dose of radioiron.
The duodenal contents from each animal were collected with a hypodermic needle and syringe, and aspirates from three rats were pooled. The pH was measured and the aspirates were injected through 0.45-p bacterial filters. Aliquots of the filtrate were added to GlO and G25 gel filtration columns. The quantity of 5gFe eluted from columns in the first displacement volume provided a measurement of iron in test doses that form aggregates with a molecular size greater than substances with a molecular weight of 700 (GlO) or 4,000 (G25 Histologic studies of the small intestine and measurements of mucosal lifespan were performed to ascertain if starvation caused changes which affected iron absorption. Tritium-labeled thymidine was injected intravenously into normal animals and rats which were starved for 5 days. The duodenum and jejunum were excised from these animals 24, 36, 40,44, and 48 hr later. Radioautographs were prepared from sections of these guts and showed a slower rate of movement of labeled epithelial cells in the starved animals. In normal animals, radioactivity was visualized in epithelial cells in the extrusion zone at the tips of the villi at 40 hr, whereas the labeled mucosal cells of starved rats did not reach the villous tips until 48 hr after injection. Hematoxylin and eosinstained sections of the duodenum and jejunum showed a normal villous architecture. Absorption of glucose was measured in normal and starved rats to ascertain if starvation caused generalized malabsorption.
The blood sugar was measured in rats fasted overnight (75 mg/lOO ml) or 5 days (60 mg/lOO ml) before the oral administration of 1 g glucose and again 44 hr later. The increased concentration of glucose in the serum of both normal (128 mg/lOO ml) and starved animals (135 mg/lOO ml) suggested that there was not a generalized malabsorptive state.
E$ect of protein depletion (Table 9) . Diets containing various quantities of protein, carbohydrate, and fat were obtained and sufficient ferrous sulfate was added to each diet to make the iron concentration 0.15 mg/g. Rats with an average weight of 125 g were fed these diets for 3 weeks. The animals which received no protein lost approximately 20 g. The remaining rats gained weight in proportion to the protein content of their diet (14). Iron absorption and kinetic studies in rats fed a proteindepleted diet showed changes similar to those observed in starved animals. Iron absorption, the incorporation of iron 59 into red blood cells and the concentration of ironbinding protein in plasma were decreased. The incorporation of intravenously injected iron 59 into the gut and liver was increased, the serum iron concentration was elevated, and plasma iron 59 clearance became prolonged. The calculated iron turnover was approximately half that observed in rats fed a normal diet, a difference proportionate to the weights of each group of animals. Unlike starved animals, rats on a protein-depleted diet consumed relatively normal amounts of water and did not become markedly dehydrated. Rats maintained on an 8 % protein diet had ferrokinetic values intermediate between starved rats and animals fed a normal diet. However, the decrease in iron absorption seemed greater than changes in the transit of iron through the plasma or the incorporation of iron 59 into red blood cells. A fatfree diet and diets containing more than 18 70 protein produced no marked change in iron absorption or ferrokinetic studies.
E$ect of dietary protein on iron excretion ( Table 10 , Fig. 3 ). Body retention of a parenteral dose of radioiron 59 was measured twice weekly in rats fed diets containing either 27 %, 8 %, or no protein. The animals were fed the special diets for 2 weeks before they were injected with an intravenous dose of 5gFe-labeled plasma. Whole-body radioactivity was measured in a small-animal liquid-scintillation detector and by assay of the radioiron in stool collections (6). Rats fed the 27 % protein diet lost 4 % (SE 0.9 %) of the 5gFe during the week after injection and subsequently excreted 0.2 % of the parenteral dose daily. Animals fed a low-protein diet or a protein-depleted diet lost significantly more radioiron both during the 1st week after injection (8 rf= 1.1 and 16 =t 1.6 %) and later (0.3 and 0.4 %). Half of the animals fed a protein-depleted diet died during the last 2 weeks of study. At the termination of the study, blood specimens were obtained from each animal to characterize the anemia. Rats fed an 8 % protein diet developed a moderate anemia, whereas lack of dietary protein caused a marked normocytic normochromic anemia.
Rice and starch diets (Table 11 ). Cooked white rice and diets containing either sucrose or corn starch were prepared for rats. Vitamin-free casein was added to certain diets and corn oil, vitamins, and iron were added to each diet. The rats weighed 125 g at the beginning of the study and were kept on each diet for 3 weeks. Rats on proteindeficient diets gained less weight, absorbed less 5gFe from oral test doses of ferrous sulfate and incorporated less of an intravenous dose of 55Fe into red blood cells. To ascertain whether starch had a direct intraluminal effect on the absorption of iron, we fasted normal rats for 24 hr and gave them 5-ml oral doses of 5gFe containing either 1 g starch, 1 g sucrose, or no additive. The normal control animals absorbed 15.6 % (SE 1.3 %) of the test dose of iron. Rats dosed with the starch suspension and the sucrose solution absorbed 18.3 % (SE 2.0 %) and 16.4 % (SE 1.8 %) of the test dose of radioiron, respectively. an intravenous dose of iron markedly decreased absorption (6), whereas the ingestion of carrier iron several hours before an oral test dose of radioiron only slightly reduced the quantity absorbed (4).
In starved animals and rats fed protein-deficient diets, several factors must be considered as possible regulators of the changes in ferrokinetics and erythropoiesis: I) Erythremia and hemoconcentration are unlikely causes because abnormalities persist after anemia occurs and parenteral infusions that hydrate the animals fail to correct the ferrokinetic changes. 2) Decreased availability of amino acids for hemoglobin synthesis may be a contributory factor. However, Reissman showed that injections of erythropoietin into rats fed a protein-depleted diet prevented anemia and, if these animals and normal rats were hypertransfused, they had quantitatively similar incorporation of iron into red blood cells in response to hypoxia (26, 27 
